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INTRALUMINAL PROSTHESES HAVING
POLYMERIC MATERIAL WITH
SELECTIVELY MODIFIED CRYSTALLINITY
AND METHODS OF MAKING SAME

RELATED APPLICATION

This application 1s a divisional application of U.S. patent
application Ser. No. 10/701,101 filed Nov. 4, 2003, now U.S.
Pat. No. 6,932,930, which 1s incorporated herein by reference
in 1ts entirety.

This application claims the benefit of U.S. Provisional
Application No. 60/453,317, filed Mar. 10, 2003, the disclo-
sure¢ of which 1s incorporated herein by reference in its
entirety as 1f set forth fully herein.

FIELD OF THE INVENTION

The present invention relates generally to medical devices
and, more particularly, to intraluminal prostheses.

BACKGROUND OF THE

INVENTION

Stents are typically used as adjuncts to percutaneous trans-
luminal balloon angioplasty procedures, 1n the treatment of
occluded or partially occluded arteries and other blood ves-
sels. As an example of a balloon angioplasty procedure, a
guiding catheter or sheath 1s percutaneously introduced into
the cardiovascular system of a patient through a femoral
artery and advanced through the vasculature until the distal
end of the guiding catheter 1s positioned at a point proximal to
the lesion site. A guidewire and a dilatation catheter having a
balloon on the distal end are introduced through the guiding
catheter with the guidewire sliding within the dilatation cath-
cter. The guidewire 1s first advanced out of the gmiding cath-
cter 1nto the patient’s vasculature and 1s directed across the
vascular lesion. The dilatation catheter 1s subsequently
advanced over the previously advanced guidewire until the
dilatation balloon 1s properly positioned across the vascular
lesion. Once 1n position across the lesion, the expandable
balloon 1s inflated to a predetermined size with a radiopaque
liguid at relatively high pressure to radially compress the
atherosclerotic plaque of the lesion against the 1nside of the
artery wall and thereby dilate the lumen of the artery. The
balloon 1s then deflated to a small profile so that the dilatation
catheter can be withdrawn from the patient’s vasculature and
blood flow resumed through the dilated artery.

Balloon angioplasty sometimes results 1 short or long
term failure. That 1s, vessels may abruptly close shortly after
the procedure or restenosis may occur gradually over a period
of months thereafter. To counter restenosis following angio-
plasty, implantable intraluminal prostheses, commonly
referred to as stents, are used to achieve long term vessel
patency. A stent functions as scaffolding to structurally sup-
port the vessel wall and thereby maintain luminal patency,
and are transported to a lesion site by means of a delivery
catheter.

Types of stents may include balloon expandable stents,
spring-like, self-expandable stents, and thermally expandable
stents. Balloon expandable stents are delivered by a dilitation
catheter and are plastically deformed by an expandable mem-
ber, such as an inflation balloon, from a small 1n1tial diameter
to a larger expanded diameter. Self-expanding stents are
formed as spring elements which are radially compressible
about a delivery catheter. A compressed self-expanding stent
1s typically held 1n the compressed state by a delivery sheath.
Upon delivery to a lesion site, the delivery sheath 1s retracted
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2

allowing the stent to expand. Thermally expandable stents are
formed from shape memory alloys which have the ability to

expand from a small imitial diameter to a second larger diam-
cter upon the application of heat to the alloy.

It may be desirable to provide localized pharmacological
treatment ol a vessel at the site being supported by a stent.
Thus, sometimes it 1s desirable to utilize a stent both as a
support for a lumen wall as well as a delivery vehicle for one
or more pharmacological agents. Unfortunately, the bare
metallic materials typically employed in conventional stents
are not generally capable of carrying and releasing pharma-
cological agents. Previously devised solutions to this
dilemma have been to join drug-carrying polymers to metallic
stents. Additionally, methods have been disclosed wherein
the metallic structure of a stent has been formed or treated so
as to create a porous surface that enhances the ability to retain
applied pharmacological agents. However, these methods
have generally failed to provide a quick, easy and inexpensive
way ol loading drugs onto intraluminal prostheses, such as
stents. In addition, only small amounts of drugs can be loaded
into thin polymeric coatings.

Intraluminal prostheses, such as stents have been devel-
oped using various polymeric materials and/or coatings of
polymeric materials to overcome the limitations of conven-
tional metallic prostheses. However, 1t would be desirable to
be able to adjust various mechanical properties (e.g., modu-
lus, hoop strength, flexibility, etc.) of polymeric intraluminal
prostheses. For example, for intraluminal prostheses used to
deliver pharmacological agents, 1t would be desirable to be
able to adjust the elution rate of a pharmacological agent
therefrom. As another example, it would be desirable to be
able to adjust the degradation rate and/or the nature of deg-
radation of the polymeric material.

SUMMARY OF THE INVENTION

According to embodiments of the present invention, meth-
ods of manufacturing polymeric intraluminal prostheses
(e.g., formed from polymeric material or having a coating of
polymeric material) include annealing the polymeric material
to selectively modity the crystallinity or crystalline structure
thereof. Annealing may include heating the polymeric mate-
rial to a temperature between the glass transition temperature
and the melting temperature (1.e., T .<T_,, .<1,) of the
polymeric material for a period of time sufficient to selec-
tively increase the crystallinity of the polymeric matenal.

Annealing may include iitially heating the polymeric
material to a temperature that 1s higher than the melting
temperature (1.e., T >T ) ofthe polymeric material for a
period of time and then quenching the polymeric material to
a temperature that 1s lower than the melting temperature (i.e.,
T enen<l1,,) tor a period of time sufficient to selectively con-
trol or limit the crystallimty of the polymeric matenal.
According to embodiments of the present invention, the
quench temperature may be between the glass transition tem-
perature and the melting temperature of the polymeric mate-
rial (1.e., T <T_,,,<I,). According to embodiments of the
present invention, the quench temperature may be lower than
the glass transition temperature of the polymeric material
e, T enan<T,)

According to embodiments of the present invention,
annealing may be utilized to selectively modity various prop-
erties of the polymeric material of an intraluminal prosthesis.
For example, annealing may include heating the polymeric
material to a temperature between the glass transition tem-
perature and the melting temperature (1.e., T <1, ..;<1,,)of
the polymeric material for a period of time sufficient to:
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selectively increase the modulus of the polymeric material;
selectively influence axial tlexibility; selectively increase the
hoop strength of the intraluminal prosthesis; selectively
modily the elution rate (increase or decrease) of a pharmaco-
logical agent subsequently disposed on or within the annealed
polymeric material; selectively decrease stress 1n the 1ntralu-
minal prosthesis during expansion from the contracted con-
figuration; and selectively modily the polymeric material
such that 1t erodes at a different rate (1.e., slower or faster).

Annealing may be performed so as to selectively increase
(or vary) crystallinity of one or more 1solated portions of the
polymeric material of an intraluminal prosthesis. This waill
allow for customization of intraluminal prostheses and allow
for matching to anatomical and physiological environments.
For example, crystallinity can be increased in a mid section of
an intraluminal prosthesis to enhance mechanical strength
and scatfolding capabaility thereotf, while leaving the ends of
the device more compliant so as to match the physical com-
pliance of a non-diseased vessel wall.

According to embodiments of the present invention, Crys-
tallinity can be increased from about 30% to about 70% or
greater 1n polymeric materials. Crystallinity plays an impor-
tant role 1n determining both permeability and biodegradabil-
ity because of the generally accepted fact that the bulk crys-
talline phase 1s 1naccessible to water and other permeants.
Thus, an increase 1n crystallinity reduces the permeability by
both reducing solubility and increasing the tortuosity of the
diffusional pathway.

Increasing crystallinity and orienting (uniaxially or biaxi-
ally) crystallites can improve mechanical properties includ-
ing radial compressive strength and flexibility.

According to embodiments of the present invention,
annealing may be performed 1n the presence of carbon diox-
ide (1.e., with the intraluminal prosthesis being annealed 1n
contact with a carbon dioxide fluid). According to other
embodiments of the present invention, annealing may be
preceded by immersing the polymeric material 1n carbon
dioxade.

According to embodiments of the present invention,
annealing may be performed 1n the presence of a nucleating
agent disposed on or within the polymeric material. Pharma-
cological agents disposed on or within the polymeric material
may include, but are not limited to, agents selected from the
following categories: antineoplastics, antimitotics, antiin-
flammatories, antiplatelets, anticoagulants, antifibrins, anti-
thrombins, antiproliferatives, antibiotics, antioxidants,
immunosuppressives, antiallergic substances, and combina-
tions thereof.

According to other embodiments of the present invention,
molecular crosslinking of the polymeric material of an
intraluminal prostheses may be modified by subjecting the
polymeric material to chemical treatment and/or 1rradiation.
The polymeric material may be subjected to chemaical treat-
ment and/or 1rradiation betfore, during and/or after annealing.
Such treatments may also act as a sterilization step.

According to other embodiments of the present invention,
the annealed polymeric material of a prosthesis 1s impreg-
nated with a predetermined amount of one or more pharma-
cological agents. According to embodiments of the present
invention, a polymeric intraluminal prosthesis 1s immersed 1n
a mixture of carrier fluid and pharmacological agent(s) such
that one or more pharmacological agents are infused within
the polymeric material or within a polymeric coating thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a perspective view of an intraluminal prosthesis
produced in accordance with embodiments of the present
invention.

5

10

15

20

25

30

35

40

45

50

55

60

65

4

FIGS. 2-4 are flowcharts of operations for manufacturing
polymeric intraluminal prostheses, according to embodi-
ments of the present mvention.

DETAILED DESCRIPTION OF THE INVENTION

The present mnvention now 1s described more fully herein-
alter with reference to the accompanying drawings, 1n which
embodiments of the invention are shown. This invention may,
however, be embodied in many different forms and should not
be construed as limited to the embodiments set forth herein;
rather, these embodiments are provided so that this disclosure
will be thorough and complete, and will fully convey the
scope of the invention to those skilled 1n the art.

The term “eluting” 1s used herein to mean the release of a
pharmacological agent from a polymeric material. Eluting
may also refer to the release of a material from a substrate via

diffusional mechamsms or by release from a polymeric mate-
rial/substrate as a result of the breakdown or erosion of the
material/substrate.

The term “erodible” as used herein refers to the ability of a
material to maintain 1ts structural integrity for a desired
period of time, and thereafter gradually undergo any of
numerous processes whereby the material substantially loses
tensile strength and mass. Examples of such processes com-
prise enzymatic and non-enzymatic hydrolysis, oxidation,
enzymatically-assisted oxidation, and others, thus including
bioresorption, dissolution, and mechanical degradation upon
interaction with a physiological environment into compo-
nents that the patient’s tissue can absorb, metabolize, respire,
and/or excrete. The terms “erodible” and “degradable™ are
intended to be used herein interchangeably.

The term “dosage regimen” 1s used herein to describe both
exogenously administered and internally administered phar-
macological agents. A dosage regimen includes both an
amount ol a pharmacological agent and time(s) that each dose
1s to be taken. A dosage regimen may also indicate whether a
pharmacological agent 1s to be taken with food or not, and
whether other pharmacological agents are to be avoided. A
dosage regimen may also indicate the designed rate at which
a pharmaceutical agent 1s released from a substrate.

The term “everolimus™ 1s used herein to mean any member
of the macrolide family of pharmacological agents.

The term “hydrophobic™ i1s used herein to mean not soluble
in water.

The term “hydrophilic” 1s used herein to mean soluble 1n
water.

The term “lumen” 1s used herein to mean any nner open
space or cavity ol a body passageway.

The terms “polymer” and “polymeric material” are syn-
onymous and are to be broadly construed to include, but not
be limited to, homopolymers, copolymers, terpolymers, and
the like.

The term “prosthesis” 1s used herein 1n a broad sense to
denote any type of intraluminal prosthesis, endoprosthesis, or
other device which 1s implanted 1n the body of a subject for
some therapeutic reason or purpose including, but not limited
to stents, drug delivery devices, etc.

The term ““subject” 1s used herein to describe both human
beings and animals (e.g., mammalian subjects) for medical,
veterinary, testing and/or screening purposes.

As used herein, phrases such as “between X and Y and
“between about X and Y should be interpreted to include X
and Y.

As used herein, phrases such as “between about X andY”
mean “between about X and about Y.”
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As used herein, phrases such as “from about X to Y mean
“from about X to about Y.”

Embodiments of the present invention can be employed in
conjunction with a number of manufacturing processes asso-
ciated with producing intraluminal prostheses including, but
not limited to, extrusion, pultrusion, injection molding, com-
pression molding, etc. Moreover, embodiments of the present
invention may be utilized 1n batch, semicontinuous, and/or
continuous manufacturing processes.

Referring now to FI1G. 1, an intraluminal prosthesis 10, that
may be produced according to embodiments of the present
invention, 1s illustrated. The illustrated prosthesis 10 1s a stent
and includes a tubular body portion 12 having a first end 14,
a second end 16, and a flow passage 18 defined therethrough
from the first end 14 to the second end 16. The body portion
12 1s sized for intraluminal placement within the vasculature
of a subject and 1s expandable from a first, reduced cross-
sectional dimension (1.e., contracted configuration) to a sec-
ond enlarged cross-sectional dimension (1.e., expanded con-
figuration) so that the body portion 12 can be transported
intraluminally to a treatment site and then expanded to the
second enlarged cross-sectional dimension so as to engage
and support the vascular wall at the treatment site.

The body portion 12 1s formed at least 1n part from an
erodible, polymeric material and/or a coating of erodible,
polymeric material. One or more portions of the body portion
12 may be formed from non-erodible matenial and/or a coat-
ing of non-erodible material. The polymeric material may
comprise polymers onented umaxially and/or biaxially.
Exemplary erodible materials that may be utilized 1n accor-
dance with embodiments of the present invention include, but
are not limited to, surgical gut, silk, cotton, poly(hydroxybu-
tyrate), polycarbonates, polyacrylates, polyanhydrides, poly
(ortho esters), poly(phosphoesters), polyesters, polyamides
(such as polyamides derived from D-glucose), polyphosp-
hazenes, poly(p-dioxane), poly(amino acid), polyglactin, and
copolymers thereof, erodable hydrogels, natural polymers
such as collagen and chitosan, etc. See, e.g., U.S. Pat. No.
5,723,508 to Healy et al. Particular examples of suitable
crodible polymers include, but are not limited to, aliphatic
polyester polymers such as poly(lactic acid), poly(L-lactic
acid), poly(D,L-lactic acid), poly(glycolic acid), poly(D-lac-
tic-co-glycolic acid), poly(L-lactic-co-glycolic acid), poly
(D,L-lactic-co-glycolic acid), poly(&E-caprolactone), poly
(valerolactone), poly(hydroxy butyrate) (including poly
(hydroxy  butyrate  valerate)), poly(hydrovalerate),
polydioxanone, poly(propylene fumarate), etc., ncluding
copolymers thereof such as polylactic acid-polyethylene gly-
col block copolymer, and poly(ethyleneoxide)-poly(butyle-
netetraphthalate), poly(lactic acid-co-trimethylene carbon-
ate), poly(lactic acid-co-lysine), poly(E-caprolactone
copolymers), poly(L-lactic acid copolymers), etc. See, e.g., J.
Oh et al., PCT Application WO 99/59548 at page 2. Addi-
tional examples of erodible polymers are set forth in U.S. Pat.
No. 5,916,585 to Cook et al., which 1s incorporated herein by
reference 1n 1ts entirety. The molecular weight (that 1s, aver-
age molecular weight) of the polymer may be from 1,000,
10,000, 100,000 or 500,000 to 2,000,000 or 4,000,000 Dal-
tons, or more.

According to embodiments of the present invention, one or
more pharmacological agents (represented by stippling 15)
may be infused within the erodible, polymeric material 13 of
the body portion 12, or within an erodible coating surround-
ing the body portion 12, or portions thereof. The body portion
material 13 and/or coating 1s configured to allow the one or
more pharmacological agents 15 infused therein to elute,
preferably at a predetermined, controlled rate.
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Pharmacological agents suitable for inclusion in prosthesis
materials and/or coatings, according to embodiments of the
present 1nvention include, but are not limited to, drugs and
other biologically active materials, and may be intended to
perform a variety of functions, including, but not limited to:
anti-cancer treatment (e.g., Resan), anti-clotting or anti-plate-
let formation, the prevention of smooth muscle cell growth
and migration on a vessel wall, and cell cycle inhibitors.
Pharmacological agents may include antineoplastics, antimi-
totics, antunflammatories, antiplatelets, anticoagulants, anti-
fibrins, antithrombins, antiproliferatives, antibiotics, antioxi-
dants, immunosuppressives, and antiallergic substances as
well as combinations thereof. Examples of such antineoplas-
tics and/or antimitotics include paclitaxel (e.g., TAXOL® by
Bristol-Myers Squibb Co., Stamford, Conn.), docetaxel (e.g.,
TAXOTERE® from Aventis S. A., Frankiurt, Germany)
methotrexate, azathioprine, vincristine, vinblastine, fluorou-
racil, doxorubicin hydrochloride (e.g., ADRIAMYCIN®
from Ph-armacia & Upjohn, Peapack N.J.), and mitomycin
(e.g., MUTAMYCIN® from Bristol-Myers Squibb Co.,
Stamiord, Conn.). Examples of such suitable antintlamma-
tories include glucocorticoids such as dexamethasone, meth-
ylprednisolone, hydrocortisone and betamethasone and non-
steroidal antunflammatories such as aspirin, mmdomethacin
and ibuprofen. Examples of such antiplatelets, anticoagu-
lants, antifibrin, and antithrombins include sodium heparin,
low molecular weight heparins, heparinoids, hirudin, arga-
troban, forskolin, vapiprost, prostacyclin and prostacyclin
analogues, dextran, D-phe-pro-arg-chloromethylketone
(synthetic antithrombin), dipyridamole, glycoprotein I1b/I11a
platelet membrane receptor antagonist antibody, recombinant
hirudin, and thrombin inhibitors such as ANGIOMAX™
(Biogen, Inc., Cambridge, Mass.) Examples of such cyto-
static or antiproliferative agents include actinomycin D as
well as denivatives and analogs thereol (manufactured by
Sigma-Aldrich, Milwaukee, Wis.; or COSMEGEN® avail-
able from Merck & Co., Inc., Whitehouse Station, N.JI.),
angilopeptin, angiotensin converting enzyme inhibitors such
as captopril (e.g., CAPOTEN® and CAPOZIDE® from Bris-
tol-Myers Squibb Co., Stamiord, Conn.), cilazapril or lisino-
pril (e.g., Printvilo and PRINZIDE® from Merck & Co., Inc.,
Whitehouse Station, N.J.); calcium channel blockers (such as
nifedipine), colchicine, fibroblast growth factor (FGF)
antagonists, fish o1l (omega 3-fatty acid), histamine antago-
nists, lovastatin (an mnhibitor of HMG-CoA reductase, a cho-
lesterol lowering drug, brand name MEVACOR® {rom
Merck & Co., Inc., Whitehouse Station, N.J.), monoclonal
antibodies (such as those specific for Platelet-Dertved
Growth Factor (PDGF) receptors), mitroprusside, phosphodi-
esterase ihibitors, prostaglandin inhibitors, suramin, seroto-
nin blockers, steroids, thioprotease inhibitors, triazolopyri-
midine (a PDGF antagonist), and mitric oxide. An example of
an antiallergic agent 1s permirolast potasstum. Other thera-
peutic substances or agents that may be used include
alphainterferon, genetically engineered epithelial cells, and
dexamethasone.

According to embodiments of the present invention, other
agents, such as heat sensitive biologics (e.g., transfection
vectors, genetic material, tissue material, etc.) may be infused
within the erodible polymeric material 13 of the body portion
12, or within an erodible coating surrounding the body por-

tion 12, or portions thereof.
U.S. Pat. No. 4,994,033 to Shockey et al.; U.S. Pat. No.

5,674,192 to Sahatian et al. and U.S. Pat. No. 5,545,208 to
Wolll et al. disclose catheters comprising absorbable/biode-
gradable polymers or hydrogels containing the desired dos-
age ol a drug. Stents incorporating drug delivery may be
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found, for example, in U.S. Pat. No. 5,766,710 to Turnlund et
al.; U.S. Pat. No. 5,769,883 to Buscemu et al.; U.S. Pat. No.
5,603,696 to Eury et al.; U.S. Pat. No. 5,500,013 to Buscemi
et al.; U.S. Pat. No. 5,551,954 to Buscemu et al. and U.S. Pat.
No. 5,443,458 to Eury, each of which 1s incorporated herein
by reference 1n 1ts entirety.

If a plurality of pharmacological agents are utilized, the
plurality of pharmacological agents may be homogeneously
distributed on the body portion 12, or heterogeneously dis-
tributed on the body portion 12.

According to embodiments of the present invention, a
release agent (represented by cross-hatching 30) may be
coated on the body portion 12 or incorporated within the body
portion 12. The release agent 30 1s configured to release a
pharmacological agent 15 1n a predetermined manner. Mul-
tiple release agents may be utilized. For example, 11 multiple
pharmacological agents are utilized, multiple release agents
may be utilized.

Referring now to FIG. 2, methods of manufacturing poly-
meric intraluminal prostheses (e.g., stents, drug delivery
devices, etc.) mnclude annealing the polymeric material to
selectively modily the crystallinity thereof (Block 100). The
term “selectively” 1s used herein to indicate that a physical
property of the polymeric material of an mtraluminal pros-
thesis can be accurately controlled and modified to specific
parameters via annealing. Annealing may include heating the
polymeric material to a temperature between the glass tran-
sition temperature and the melting temperature (1.e.,
I .<T,,,.car<l,,) ot the polymeric material for a period of time
suificient to selectively increase the crystallinity of the poly-
meric material (Block 200).

An exemplary polymeric material for intraluminal prosthe-
ses according to embodiments of the present invention may
have a melting temperature between about 173° C.-178° C.
and a glass transition temperature of between about 60°
C.-65° C. However, embodiments of the present invention are
not limited to polymeric materials with melting temperatures
and glass transition temperatures 1n these ranges. Polymeric
materials having various other melting temperatures and
glass transition temperatures can be used, without limitation.

Annealing may include immtially heating the polymeric
maternial to a temperature that 1s higher than the melting
temperature (1.e., T _, _ >T ) ofthe polymeric matenal for a
period of time and then quenching the polymeric material to
a temperature that 1s lower than the melting temperature (1.¢.,
T ena<1,,) tor a period of time sutlicient to selectively con-
trol (1.e., limit the extent of or control the quality or nature of)
the crystallimty of the polymeric maternial (Block 300).
According to embodiments of the present invention, the
quench temperature may be between the glass transition tem-
perature and the melting temperature of the polymeric mate-
rial (1.e., T <T_,,,<T,,). According to embodiments of the
present invention, the quench temperature may be lower than
the glass transition temperature of the polymeric material
(e, T enan<I,).

Referring to FIG. 3, annealing to modify crystallinity may
be utilized to selectively modily various properties of the
polymeric material of an intraluminal prosthesis. For
example, annealing may include heating the polymeric mate-
rial to a temperature between the glass transition temperature
and the melting temperature (e, T <T_ _.<I,) of the
polymeric material for a period of time suificient to: selec-
tively increase or decrease the modulus of the polymeric
material (Block 202); selectively increase or decrease the
hoop strength of the intraluminal prosthesis (Block 204);
selectively modily the elution rate (increase or decrease) of a
pharmacological agent subsequently disposed on or within
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the annealed polymeric material (Block 206); selectively
increase or decrease stress 1n the intraluminal prosthesis
(Block 208); and selectively modity the polymeric material
such that 1t erodes at a different rate (1.e., slower or faster)
(Block 210).

As 1s known to those skilled 1n the art, a change 1n polymer
crystallization 1s an important way to modify physical prop-
erties ol polymer maternials. The degree and nature of crystal-
lization can have noticeable effects on the physical properties
of polymer materials. As used herein, “degree of crystalliza-
tion” refers to the total amount of crystallinity of a polymer
(e.g., as determined by wide angle x-ray scattering (WAXS)
or by differential scanning calorimetry (DSC)). As used
herein, “nature of crystallization” refers to the exact morphol-
ogy of crystallites, whether they are large crystallites or small
crystallites, or some specific morphology such as spherulitic,
clongated, deformed, line nucleated, or a “shish-ka-bob” type
structure or some other morphology, at the same overall
degree of crystallinity.

The state of order of polymers can extend from the com-
pletely random (amorphous) to the completely ordered (per-
tect crystal). The physical structures that are found depend
not only on the configuration and conformation of the mol-
ecules, but also by the experimental conditions with which
the polymers that make up the intraluminal device or the
coating on the intraluminal device were exposed to. Crystal-
linity 1s strongly influenced by the crystallization conditions
and 1t includes frozen-in, non-equilibrium states. The crys-
tallization conditions, however, will not only mfluence the
overall amount of crystallinity, but 1t will also influence the
detailed morphology of the sample.

Essentially all polymers exhibit a necking effect on stretch-
ing within a specific temperature region. The effect can be
recognized by the formation of a neck during elongation due
to the occurrence of a constriction after the upper tlow limait 1s
reached. The cross section of this constriction continues to
decrease up to the lower flow limit. With continued elonga-
tion, the cross section of this constriction remains practically
constant, but the length of the constricted portion continues to
increase at the expense of the rest of the sample. It 1s some-
times desirable to manufacture intraluminal devices, such as
stents, out of precursor stock material that 1s unoriented. It 1s
sometimes desirable to manufacture intraluminal devices,
such as stents, out of precursor stock material that 1s uniaxi-
ally oriented. It 1s sometime desirable to manufacture intralu-
minal devices, such as stents, out of precursor stock material
that 1s biaxially oriented. Stents can be oriented or stretched
upon deployment using balloon techniques. The degree and
nature of the orientation can atfect: the mechanical properties
of the mtraluminal device or the coating on the intraluminal
device; the elution profile of the drug or drugs infused within
it or coated onto it; and the biodegradation or bioabsorption of
the ntraluminal device or the coating on the intraluminal
device.

Examples of uniaxial orientation include, but are not lim-
ited to, 1x-4x, where “x” equals the axial dimension of the
original specimen. Examples of biaxial orientation include,
but are not limited to, 4x:1x, 3x:2X, where “x” equals the
pre-oriented dimension of the specimen, and where “#x”
equals the end dimension of the specimen post-orientation.
Biaxial implies application of a deforming load 1n two dimen-
s1ons, each perpendicular to the other.

The crystallinity of partially crystalline polymers during
clongation can increase, decrease, or remain constant. Chain
orientation, on the other hand, increases continuously during
clongation. With thermally quenched samples having a low
degree of crystallimity, the available crystallites are first ori-
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ented 1n the stress direction. The amorphous regions can then
crystallize. Annealed polymers, however, can be more highly
crystalline. The stress-strain diagrams of stretched polymers
differ significantly from those of unstretched polymers. The
absence of an upper flow limit, that1s the absence of cold tlow,
1S common.

Polymeric materials that have higher degrees of crystallin-
ity and chain orientation can have a higher modulus, which
may be usetful to increase the hoop strength of polymeric
intraluminal devices, such as stents. As 1s known to those
skilled 1n the art, modulus 1s a measure of how well a material
resists deformation, and 1s measured by calculating stress and
dividing by elongation. Upon deployment using angioplasty
balloons, polymeric stents can be stretched, the degree of
stress that builds up upon stretching will be influenced by the
degree of crystallimity and the orientation of the polymeric
chains relative to the orientation of the stretching during
deployment.

In addition to affecting the mechanical properties, the
degree and nature of the crystallinity 1n a sample can play a
significant role in modifying the elution profile of a drug
infused within the sample as well as influence the rate of
absorption or degradation of the polymeric stent or the poly-
meric coating on a stent.

According to embodiments of the present invention, Crys-
tallinity of polymeric intraluminal prostheses can be
increased from about 30% to about 70% or greater. This
increase 1n crystallinity reduces permeability by both reduc-
ing solubility and increasing the tortuosity of the diffusional
pathway. Increasing crystallinity and orienting (uniaxially or
biaxially) crystallites also improves mechanical properties
including radial compressive strength and tlexibility.

Referring back to FIG. 2, annealing may be performed in
the presence of carbon dioxide (Block 400).

According to other embodiments of the present invention,
annealing may be preceded by immersing the polymeric
material 1n carbon dioxide (Block 500).

According to embodiments of the present nvention,
annealing may be performed 1n the presence of a nucleating
agent disposed on or within the polymeric material (Block
600). As known to those skilled in the art, nucleating agents
are chemical substances which when incorporated 1n polymer
materials form nuclei for the growth of crystals in the polymer
melt. For example, 1n certain polymers, a higher degree of
crystallinity and more uniform crystalline structure may be
obtained by adding a nucleating agent.

According to other embodiments of the present invention,
molecular crosslinking of the polymeric material may be
modified by subjecting the polymeric material to chemical
treatment and/or wrradiation (Block 700). The polymeric
material may be subjected to chemical treatment and/or 1rra-
diation before, during and/or after annealing. Crosslinking
can 1mpact the degree and nature of elution of pharmacologi-
cal agents from an 1ntraluminal prosthesis by increasing the
tortuosity of the diffusional pathway and by slowing down the
erosion rate of the prosthesis. Moreover, crosslinking can
impact the deployment and/or deformation characteristics
during deployment of an intraluminal prosthesis. Crosslink-
ing can also impact the degree and nature of biodegration/
bioabsorption characteristics of a polymeric intraluminal
prosthesis.

Subjecting the polymeric material to chemical treatment
(Block 700) may include subjecting the polymeric maternial to
multifunctional cross-linking agents such as formaldehyde,
difunctional dialdehyde, and diisocyantes. Subjecting the
polymeric material to chemical treatment may 1nclude sub-
jecting the polymeric material to enzymatic cross-linking,
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agents such as 1s polyethylene glycols (PEG) functionalized
with a glutaminamide and a lysine-containing polypeptide
using a natural tissue enzyme, and transglutaminase.

Subjecting the polymeric matenial to irradiation (Block
700) may 1nclude subjecting the polymeric matenal to 10n1z-
ing radiation such as e-beam 1rradiation or gamma irradiation.
These procedures may be done in concert as a sterilization
step. UV/visible 1rradiation may be utilized with additives
such as sensitizers and/or photoacid generators. Typical pho-
toacid generators include dinitrobenzyltosylates, sulfonium
salts, 1odonium salts, diazodisulione derivatives and sul-
fonates, etc. and are available from sources such as Wako
Chemicals USA, Inc., 1600 Bellwood Road, Richmond, Va.
23237 USA.

Referring to FIG. 4, methods of impregnating annealed
polymeric intraluminal prostheses with one or more pharma-
cological agents (Block 800) are illustrated. According to
embodiments of the present invention, an intraluminal pros-
thesis 1s immersed 1n a mixture of carrier fluid and pharma-
cological agent(s) (Block 810). One or more pharmacological
agents may be infused within the annealed polymeric mate-
rial of an intraluminal prosthesis or within an annealed poly-
meric coating surrounding an intraluminal prosthesis.

The carrier fluid may be a gas, liquid, or supercritical fluid.
The carrier fluid may be heterogeneous or homogeneous 1n
composition, 1.e., may be a single phase composition or con-
tain one or more additional phases, such as i the form of a
microemulsion, emulsion, dispersion, suspension, etc. The
carrier fluid may comprise, consist of, or consist essentially of
carbon dioxide. Where multiple phases are found in the car-
rier fluid, carbon dioxide may be the continuous phase. One or
more other ingredients may be included 1n the carrier fluid,
such as co-solvents (1.e., water or organic co-solvents such as
cthanol and methanol), surfactants or the like may be
included. Where one or more organic co-solvents are
included, 1t or they may be polar or nonpolar (or at least one
of each). Where one or more surfactants are included it or they
may comprise a carbon dioxide-philic group coupled to either
a lipophilic (hydrophobic) or hydrophilic group, a conven-
tional surfactant comprising a liphophilic (hydrophobic)
group coupled to a hydrophilic group, or one or more of each.
The carner fluid may comprise at least 30, 40, 50, 60, 70, 80
or 90 percent by weight of carbon dioxide. When water 1s
present 1n the carrier fluid, the water may comprise from
about0.01,0.1,0r 0.5toabout 1, 3, 10 or 20 percent by weight
of the composition, or more.

If a plurality of pharmacological agents are utilized, the
plurality of pharmacological agents may be homogeneously
distributed on and/or within the intraluminal prosthesis poly-
meric material, or heterogeneously distributed on and/or
within the intraluminal prosthesis polymeric material.

Pharmacological agents, according to embodiments of the
present mvention, may be hydrophilic or hydrophobic. For
hydrophilic pharmacological agents, the carrier fluid may be
water. For hydrophobic pharmacological agents, the carrier
fluid may be a supercritical fluid, such as carbon dioxide, or 1t
may be a liquefied gas such as carbon dioxide, CFC, HCFL,
etc. An exemplary hydrophobic pharmacological agent
according to embodiments of the present invention 1s everoli-
mus. Everolimus 1s a proliferation inhibitor that targets pri-
mary causes ol chronic rejection in organ transplantation
patients and may also be effective for the prevention of rest-
€nosis.

According to embodiments of the present invention, car-
bon dioxide may be employed as a fluid 1n a liquid, gaseous,
or supercritical phase. If liquid carbon dioxide 1s used, the
temperature employed during the process 1s typically below
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31° C. If gaseous carbon dioxide 1s used, the phase may be
employed at high pressure. As used herein, the term “high
pressure” generally refers to carbon dioxide having a pressure
from about 50 to about 500 bar. Carbon dioxide may be
utilized 1n a “supercritical” phase. As used herein, the term
“supercritical” means that a fluid medium 1s above 1ts critical
temperature and pressure, 1.€., about 31° C. and about 71 bar
tor carbon dioxide. The thermodynamic properties of carbon
dioxide are reported 1n Hyatt, J. Org. Chem. 49: 5097-5101
(1984), and are well known to those skilled 1n the art.

Typically, supercritical tluids are gases at ambient tem-
perature and pressure. However, when maintained at or above
its critical point, a supercritical fluid displays properties of
both a gas and a liqud. In particular, a supercritical fluid has
the solvent characteristics of a liquid, but the low surface
tension of a gas. Accordingly, as with a gas, a supercritical
fluid can more readily diffuse into polymeric material. While
any ol a variety of supercritical fluids may be utilized 1n
accordance with embodiments of the present invention, car-
bon dioxide 1s a particularly desirable supercritical fluid
because it 1s substantially non-reactive and nontoxic (1.e.,
inert).

Carbon dioxide 1s non-toxic, non-tlammable, chemically
inert, completely recoverable, abundant and inexpensive.
Carbon dioxide has properties that are between those of many
liquids and gases. At room temperature and above 1ts vapor
pressure, carbon dioxide exists as a liquid with a density
comparable to organic solvents but with excellent wetting
properties and a very low viscosity. Above 1ts critical tem-
perature and pressure (31° C. and 71 bar), carbon dioxide 1s in
the supercritical state and has gas-like viscosities and liquid-
like densities. Small changes 1n temperature or pressure cause
dramatic changes 1n the density, viscosity, and dielectric
properties of supercritical carbon dioxide, making 1t an
unusually tunable, versatile, and selective solvent.

Still referring to FIG. 4, the mixture of carrier fluid and
pharmacological agent 1s pressurized for a time sudficient to
cause the polymeric material of the mntraluminal prosthesis to
swell such that the carrier fluid and pharmacological agent at
least partially penetrate the swollen polymeric material
(Block 820). According to embodiments of the present inven-
tion, pressure can be added by the use of pressurized carbon
dioxide, or by the use of a different second pressurized gas. A
different second pressurized gas, such as one or more 1nert
gases, may be helium, nitrogen, argon, etc., or combinations
thereol.

For pharmacological agents soluble in carbon dioxide
(e.g., hydrophobic agents), carbon dioxide may be utilized as
both the carrier fluid and the pressurizing medium. For phar-
macological agents not soluble 1n carbon dioxide (e.g., hydro-
philic agents), the pharmacological agent and carrier tluid
may be pressurized by an overlying blanket of carbon diox-
ide. Carbon dioxide 1s well known to those skilled in the art to
be capable of swelling and plasticizing polymeric matenals.
Carbon dioxide 1s capable of partitioning into polymeric
maternials that are 1n 1ts presence. When this occurs 1t can
dramatically lower the glass transition temperature of the
amorphous phase of the polymer. When this occurs, the dii-
tusivity of a third component can increase dramatically. Such
plasticization can enable the partitioning of third compo-
nents, like a pharmaceutical agent, into the polymeric mate-
rial. Conventionally, heat 1s required to increase glass transi-
tion temperature. Unfortunately, heating can be damaging to
pharmaceutical agents that are thermally labile.

Pressure 1s then removed such that the carrier fluid diffuses
out of the swollen polymeric material and such that a prede-
termined amount of the pharmacological agent remains
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clutably trapped within the polymeric matenal (Block 830).
The term “elutably trapped” means that the pharmacological
agent 1s disposed within the polymeric material in such a way
that 1t can elute (at a predetermined rate) therefrom when the
intraluminal prosthesis 1s deployed within the body of a sub-
ject.

The step of removing pressure (Block 830) is carried out
under controlled conditions after a predetermined time and
according to a predetermined schedule to insure that the
desired predetermined amount of the pharmacological agent
(s) remains. Controlled conditions include controlling one or
more of the following parameters in a predetermined pattern:
temperature, rate of temperature change, pressure, rate of
pressure change, carrier fluid quantity, concentration of the
pharmacological agent 1n the carrier fluid, etc. Loading a
polymeric mtraluminal prosthesis, such as a stent, or a poly-
meric coating on an intraluminal prosthesis can be from
0.0001 wt % to 30 wt %. However, loading at higher weight-
percentages are possible (1.e., >30 wt %). These parameters
can control the concentration of the pharmacological agent(s)
entrapped within the polymeric material after depressuriza-
tion has been achieved. Moreover, as these parameters are
varied, concentration gradients of the pharmacological agent
(s) entrapped within the polymeric material after depressur-
ization can be achieved. Such concentration gradients can
give rise to modified elution profiles of the pharmacological
agent(s).

Embodiments of the present mvention described above
may be carried out using apparatus known to those skilled in
the art. An exemplary apparatus for use in 1mpregnating
intraluminal prostheses with pharmacological agents 1s 1llus-

trated and described in U.S. Pat. No. 5,808,060 to Perman et

al., which 1s incorporated herein by reference in 1ts entirety.

Selective annealing may be performed so as to selectively
increase (or vary) crystallinity of one or more 1solated por-
tions ol the polymeric material of an intraluminal prosthesis.
This will allow for customization of intraluminal prostheses
and allow for matching to anatomical and physiological envi-
ronments. For example, crystallinity can be increased 1n amid
section of an mtraluminal prosthesis to enhance mechanical

strength and scatfolding capability thereotf, while leaving the
ends of the mtraluminal prosthesis more compliant so as to
match the physical compliance of the non-diseased vessel
wall.

According to embodiments of the present invention, selec-
tive annealing may be performed by applying amaskto oneor
more portions of an intraluminal prosthesis. The mask acts as
a barrier to carbon dioxide absorption, thereby allowing non-
masked portions to absorb carbon dioxide and to be crystal-
lized thereby. According to other embodiments of the present
invention, selective annealing may be performed by only
heating selected areas of an intraluminal prosthesis. For
example, a light source or a mild laser may be utilized to heat
selected areas of an intraluminal prosthesis. According to
other embodiments of the present invention, selective anneal-
ing may be performed by adding chemical crosslink agents
only to certain areas of the polymeric material of an 1ntralu-
minal prosthesis.

According to other embodiments of the present invention,
selective annealing may be performed by selectively subject-
ing the polymeric material of an itraluminal prosthesis to
irradiation, such as e-beam 1rradiation and gamma 1rradia-
tion.

Intraluminal prostheses provided in accordance with
embodiments of the present invention may be employed 1n



US 7,919,162 B2

13

sites of the body other than the vasculature including, but not
limited to, biliary tree, esophagus, bowels, tracheo-bronchial
tree, urinary tract, organs, etc.

The foregoing 1s 1llustrative of the present invention and 1s
not to be construed as limiting thereof. Although a few exem-
plary embodiments of this invention have been described,
those skilled in the art will readily appreciate that many
modifications are possible in the exemplary embodiments
without materially departing from the novel teachings and
advantages of this invention. Accordingly, all such modifica-
tions are intended to be included within the scope of this
invention as defined 1n the claims. The invention 1s defined by
the following claims, with equivalents of the claims to be
included therein.

That which 1s claimed 1s:

1. A stent, comprising a tubular body having an outer
surface of polymeric material, wherein the tubular body 1s
expandable from a contracted configuration when deployed
within a lumen of a subject body, wherein the polymeric
material of a selected portion of the tubular body has a degree
of crystallinity at least thirty percent (30%) higher than the
polymeric material of the other portions of the tubular body,
wherein the selected portion comprises oriented polymeric
material and the modulus and hoop strength of the polymeric
material of the selected portion are different from modulus
and hoop strength of the polymeric material of the other
portions of the tubular body, and wherein the polymeric mate-
rial of the other portions of the tubular body have a physical
compliance that matches a physical compliance of a wall of
the lumen.

2. The stent of claim 1, wherein the tubular body has
opposite first and second end portions and a mid section
therebetween, wherein the polymeric material of the mid
section has a higher degree of crystallinity than the first and
second end portions.

3. The stent of claim 2, wherein the polymeric material of
the first and second end portions has a physical compliance
that matches a physical compliance of a wall of the lumen.

4. The stent of claim 1, wherein the polymeric material 1s
crodible.

5. The stent of claim 1, wherein the polymeric material of
the selected portion of the tubular body erodes at a faster rate
when deployed within the lumen of a subject than other
portions of the tubular body.

6. The stent of claim 1, wherein the polymeric material of
the selected portion of the tubular body erodes at a slower rate
when deployed within the lumen of a subject than other
portions of the tubular body.

7. The stent of claim 1, wherein a pharmacological agent 1s
clutably trapped within the polymeric material of the selected
portion of the tubular body.

8. The stent of claim 7, wherein the pharmacological agent
1s selected from the group consisting of antineoplastics, anti-
mitotics, antunflammatories, antiplatelets, anticoagulants,
antifibrins, antithrombins, antiproliferatives, antibiotics, anti-
oxidants, immunosuppressives, antiallergic substances, and
combinations thereof.
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9. The stent of claim 1, wherein the polymeric matenal 1s
non-erodible.

10. The stent of claim 1, wherein the polymeric material 1s
a coating on the tubular body.

11. The stent of claim 4, wherein the erodible polymeric
matenal 1s selected from the group consisting of, surgical gut,
silk, cotton, poly(hydroxybutyrate), polycarbonate, poly-
acrylate, polyanhydride, poly(ortho esters), poly(phospho-
esters), polyesters, polyamides, polyphosphazenes, poly(p-
dioxane), poly(amino acid), polyglactin, erodable hydrogels,
collagen, chitosan, poly(lactic acid), poly(L-lactic acid), poly
(D,L-lactic acid), poly(glycolic acid), poly(D-lactic-co-gly-
colic acid), poly(L-lactic-co-glycolic acid), poly (D,L-lactic-
co-glycolic acid), poly(E-caprolactone), poly
(valerolactone), poly(hydroxy butyrate), poly
(hydrovalerate), polydioxanone, poly(propylene fumarate),
poly(ethyleneoxide)-poly(butylenetetraphthalate), poly(lac-
tic acid-co-lysine), poly(lactic acid-co-trimethylene carbon-
ate), poly(L-lactic acid) and poly(&-caprolactone) copoly-
mers.

12. The stent of claim 4, wherein the erodible polymeric
material comprises a blend of polymeric material selected
from the group consisting of, surgical gut, silk, cotton, poly
(hydroxybutyrate), polycarbonate, polyacrylate, polyanhy-
dride, poly(ortho esters), poly(phosphoesters), polyesters,
polyamides, polyphosphazenes, poly(p-dioxane), poly
(amino acid), polyglactin, erodable hydrogels, collagen, chi-
tosan, poly(lactic acid), poly(L-lactic acid), poly(D,L-lactic
acid), poly(glycolic acid), poly(D-lactic-co-glycolic acid),
poly(L-lactic-co-glycolic acid), poly (D,L-lactic-co-glycolic
acid), poly(&E-caprolactone), poly(valerolactone), poly(hy-
droxy butyrate), poly(hydrovalerate), polydioxanone, poly
(propvlene fumarate), poly(ethyleneoxide)-poly(butylene-
tetraphthalate), poly(lactic acid-co-lysine), poly(lactic acid-
co-trimethylene carbonate), poly(L-lactic acid) and poly(&-
caprolactone) copolymers.

13. The stent of claim 1, wherein the polymeric material
comprises oriented polymers.

14. The stent of claim 1, wherein the polymer orientation 1s
uniaxial.

15. The stent of claim 1, wherein the polymer orientation 1s
biaxial.

16. The stent of claim 7, wherein the polymeric material
includes a release agent configured to release the pharmaco-
logical agent 1n a predetermined manner within the lumen of
the subject body.

17. The stent of claim 1, wherein first and second pharma-
cological agents are elutably trapped within the polymeric
material of the selected portion of the tubular body, and
wherein the polymeric material includes first and second
release agents configured to release the first and second phar-
macological agents, respectively, 1n a predetermined manner
within the lumen of the subject body.

18. The stent of claim 1, wherein the polymeric material of
the selected portion of the tubular body has a degree of crys-
tallinity at least seventy percent (70%) higher than the other
portions of the tubular body.
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